We report high temperature synchrotron Xray diffraction (SXRD), dc magnetization and currentvoltage (IV) characteristics for the samples of Co 2.75 Fe 0.25 O 4 ferrite. The material was prepared by chemical reaction of the Fe and Co nitrate solutions at pH  11 and subsequent annealing at temperatures 200 0 C, 500 0 C and 900 0 C. The measurements were performed by cycling the temperature from 300 K to high temperature (warming mode) and return back to 300 K (cooling mode). The SXRD patterns indicated a fine biphased cubic spinel structure in the highly Co rich spinel oxide. Magnetization curves showed intrinsic ferrimagnetic features and defect induced additional ferromagnetic phase at higher temperatures. Electrical conductivity showed thermal hysteresis loop between warming and cooling modes of temperature variation.
INTRODUCTION
The spinel oxides belong to an important class of strongly spin correlated electronic system. They are defined by formula unit AB 2 O 4 , where the metal ions (cations) occupy two inequivalent lattice sites A and B with tetrahedrally coordinated nearest neighbor oxygen ions (anions) and octahedrally coordinated oxygen ions, respectively in the cubic crystal lattice with space group Fd3 m [1, 2] . The spinel oxides constitute in the phase diagram of Fe 3 [1] . The thermal annealing in the temperature range 900-950 0 C shows structurally stable phase. Otherwise, cubic spinel phase shows spinodal decomposition into Co and Ferich phases. Such selfcomposite materials are characteristically different from hybrid composites [14] . Recently, thin films of Co 1.8 Fe 1.2 O 4 (Co rich and Fe rich phases) [15] and Mn ferrite (Mn rich and Fe rich phases) [16] showed spinodal decomposition.
Additional phases (Fe 2 O 3 and CoO) also appeared during spinodal decomposition of Co rich spinel ferrites [17, 18] . The modification of structural phase affects to physical properties.
High temperature study provided a better insight of the structureproperty relationship in spinel oxides. Balagurov et al. [19] reported a correlation between structure and magnetic phase of CuFe 2 O 4 using neutron diffraction patterns in the temperature range 2820 K. It shows a fully inverted tetragonal spinel phase up to temperature till a cubic phase appeared at 660 K. Both 3 phases coexisted up to 700 K and cubic phase alone stabilized at higher temperatures. The ferrimagnetic structure disappeared at T N 750 K. The correlation between structure and magnetic properties showed composition dependent in Mn x Fe 3−x O 4 , which at room temperature crystallizes in cubic phase for x < 2 and tetragonal phase for x  2 [20] . Nepal et al. [21] reported a structural phase transition at ∼ 595 K from (low temperature) tetragonal phase to (high temperature) cubic phase with two ferrimagnetic transitions at ∼ 373 K and ∼ 50 K for FeMn 2 O 4 . O'Neill et al. [22] performed neutron diffraction experiments in the temperature range 300 K1700 K to study thermal cycling effect on cation orderdisorder process in Mg 2 TiO 4 . The distribution of Mg 2+ and Ti 4+ ions was found to be in ordered state (inverse structure with all Ti 4+ ions occupy half of the B sites) when sample temperature was warmed from 300 K to 1173 K and a disordered state (migration of a fraction of Ti 4+ to A sites) appeared at higher temperatures.
The rate of reordering of the cations between A and B sites observed fast during cooling process, and the hightemperature disordered state was not preserved on cooling back the sample to room temperature. Antao et al. [23] carried out high temperature (3001250 K) synchrotron XRD experiments on MgFe 2 O 4 spinel oxide. The variation of unitcell parameter during thermal cyclic process (warming followed by cooling) was correlated to the distribution of cations among A and B sites. Apart from thermal cycling induced perturbation of the ordered state of cations from their equilibrium trajectories, intrinsic point defects in cubic spinel structure played an important role in modifying the high temperature magnetic and electrical properties [2426] .
Based on above cited works, the high temperature properties of Co rich spinel ferrite are expected to be different from their low temperature regime (5K400 K) [5, 8, 27] . Such magnetic material with spatially inhomogeneous lattice, magnetic spin order and electronic structure are useful for studying first order magnetic phase transition and also for achieving high magneto 4 caloric effect [2830] . In this work, we report the high temperature properties of lattice structure, magnetism and electrical conductivity for Co 2.75 Fe 0.25 O 4 , whose composition is close to the AFM normal spinel oxide Co 3 O 4 with a small replacement of Co by Fe. We highlight the role of irreversibility effects on the structure, magnetic phase and electrical conductivity during measurement temperature cycling (300 K to high temperature and back to 300 K). The measurements were carried out in air to understand the effects of naturally created defects in spinel structure during high temperature measurements.
EXPERIMENTAL

A. Sample preparation
The spinel oxide Co 2.75 Fe 0.25 O 4 was prepared through chemical reaction of the required amounts of Co(NO 3 ) 2 .6H 2 O and Fe(NO 3 ) 3 .9H 2 O salts. The salts were dissolved in distilled water to yield a transparent aqueous solution at pH ∼1.4. Sodium hydroxide (NaOH) solution with initial pH ∼13 was used as the precipitating agent and added gradually into the nitrate solution until the pH reached to ∼11. The reaction temperature was maintained at 80 °C for 4 h with continuous magnetic stirring. The pH was maintained at 11 by adding required amount of NaOH solution during heating at 80 °C. The products were allowed to cool down to room temperature and allowed to precipitate at the bottom of a Borosil beaker. The transparent solution from the top portion was removed carefully and remaining product was washed several times with distilled water and each time it was dried at 100 °C. Finally, the resultant powder was heated at 200250 °C in a beaker to confirm the complete removal of the biproduct of NaNO 3 , which formed a white coating on the wall of beaker and black coloured (magnetic) powder was collected at the centre of the beaker when placed on a Rotamantle. The collected black powder was made into several pellets and annealed at selected temperatures in the range 200 900 o C for 5 6 h. The prepared samples was denoted as CF_20, CF_50 and CF_90 for annealing temperature at 200 0 C, 500 0 C and 900 0 C, respectively. The heating and cooling rate during annealing in air was maintained @ 5 °C/ min. Selected samples was used for high temperature measurements of synchrotron Xray diffraction, dc magnetization and currentvoltage characteristics.
B. Sample characterization
The Xray diffraction pattern was recorded using Angle Dispersive Xray Diffraction (ADXRD) beamline (BL12) at Indus2synchrotron radiation facility, RRCAT, Indore, India.
The synchrotron Xray diffraction (SXRD) patterns were recorded in the 2θ range 540 ° for two selected samples (CF_20 and CF_90) during warming (300 K to 873 K) and cooling (873 K to 300 K) modes of the temperature variation. The wave length was fixed at 0.7820 Å and 0.7600 Å for the samples CF_20 and CF_90, respectively. The beam line consists of a Si (111) based double crystal monochromator and two experimental stations, namely, a six circle diffractometer (Huber 5020) with a scintillation point detector. The high temperature SXRD measurements were performed in air with temperature stabilization for nearly 5 minutes before measurement, at each temperature. Photon energy for SXRD was accurately calibrated by using SXRD pattern of LaB 6 NIST standard in the same set up. The high temperature dc magnetization [M(T)] in the warming mode (300 K950 K) and cooling mode (back to 300 K) were measured using physical properties measurement system (PPMSEC2, Quantum Design, USA). The field dependent magnetization [M(H)] curves were recorded within magnetic field range ± 70 kOe at selected temperatures during warming mode after completing the M(T) measurement cycle. The current voltage (IV) characteristics of CF_50 and CF_90 samples were measured using Keithley 6517B high resistance meter. The disc shaped samples ( = 10 mm, t  0.5 mm) were placed between two Pt electrodes of a homemade sample holder to make Pt/sample/Pt device structure. The 6 current passing through the sample was measured by sweeping dc voltage within  50 V during warming (W) and cooling (C) modes of the temperature variation in the range 300 K623 K.
RESULTS
A. Synchrotron X-ray diffraction Fig. 1 shows SXRD pattern of the CF_20 and CF_90 samples at selected temperatures.
The Yaxis has been rescaled for some of the patterns to compare between warming and cooling modes. SXRD pattern at all measurement temperatures (300 K 873 K) represent the cubic spinel structure (space group Fd3 m) for both the samples [34] . The crystalline planes corresponding to cubic spinel structure are indexed at the top of Fig. 1 (ab). The patterns showed distinct changes due to variation of annealing temperature (200 0 C and 900 0 C) of the asprepared sample and also with the variation of measurement temperatures. SXRD peaks in the CF_20 sample are relatively broad. Although cubic spinel structure is maintained during warming and cooling modes, a structural distortion (amorphous type back ground) in the 2 range 32.534.5 0 (see inset of Fig.   1 (a)) is introduced in CF_20 sample at temperatures 823 K and 873 K. Interestingly, the usual peak intensity ratio was maintained in the sample for the temperatures up to 773 K both in warming and cooling modes of the measurement. However, a sharp peak same as (531) plane is sitting on the amorphous background. This large background introduces a butterfly type wing in the peak. In this temperature range, preferential orientation of the (511) and (440) planes showed an unusual increase of their intensity in contrast to the highest intensity usually observed for the (311) plane. In the absence of any extra peaks, possibility of impurity phase is ruled out, but a nonequilibrium structure is expected due to low annealing temperature (200 0 C) [12, 31] . The CFO_90 sample ( Fig. 1(b) ) showed sharp SXRD peaks with smooth back ground for both warming and cooling modes. The cubic spinel structure is maintained at temperatures 300 K and 7 373 K during warming mode. In addition to cubic spinel structure, an extra peak of exceptionally high intensity is seen at 2 20 0 (inset of Fig. 1(b) ) for the measurement temperature at 473 K. It represents growth of an additional phase CoO (cubic structure with space group Pm3m) [3] , whose crystalline planes are highly oriented along (200) direction. Intensity of the peak of CoO phase decreased at 573 K and finally disappeared at 673 K and 873 K during warming mode.
The (200) peak of CoO phase reappeared during cooling mode at higher temperature range 773 573 K and this peak intensity is weak in comparison to that in the temperature range 473573 K during warming mode. The additional phase of CoO is absent at temperature range 473 K300 K during cooling mode. This indicates thermal hysteresis in the formation of CoO phase and the cubic spinel structure is reversible at room temperature after cooling back from high temperature.
Apparently, SXRD peaks of cubic spinel structure seem to be fitted with a single phase.
A close scrutiny of the shape and asymmetric nature of the peaks indicates possibilities of a two component structure. Fig. 2 shows the Rietveld refinement of the SXRD patterns at 300 K and 873 K in warming mode using single phase and two phased models of cubic spinel structure. The peak of CoO phase in CF_90 sample has been excluded during fit of cubic spinel phase. The difference in the fit with single component and two components is shown in the insets of Fig. 2 for (333) peak. The twophased model is the best option for fitting SXRD patterns of the CF_20 sample, although pattern has been fitted with single phase. The difference between positions of a specific peak (e.g., 333) for two components is significantly reduced for CF_90 sample. Table 1 (supplementary) summarizes the obtained parameters using single phase and twophase models for the CF_20 and CF_90 samples at 300 K and 873 K. Structural refinement was performed by assigning atomic positions close to normal spinel structure of Co 3 O 4 with Wyckoff positions at tetrahedral (8a) sites (1/8, 1/8, 1/8) fully occupied by Co 2+ ions (or minor occupancy of Fe 3+ ions), at octahedral (16d) sites (1/2, 1/2, 1/2) cooccupied by Co 3+ and Fe 3+ ions, and at 32e sites occupied by oxygen (O 2 ) ions. Some of the parameters (e.g., isotropic thermal displacements (B), occupancy of the Co atoms at tetrahedral sites and Fe at octahedral sites) were suitably refined. The final refinement was carried out by allowing the variation of oxygen parameter (u) and using two approaches. In the first approach, occupancy of O atoms at 32e sites was allowed to vary by fixing the occupancy of Co atoms to 1.75 at 16d sites. In the second approach, the occupancy of Co atoms at 16d sites was allowed to vary by fixing the occupancy of O atoms to 4 at 32e sites. In case of single phase model, the structural parameters (lattice parameter (a), oxygen parameter (u)) and the refinement parameters (R p , R wp , R exp ,  2 ) are not much different for both the approaches. The oxygen content and composition of metal ions in spinel structure are nearly matched to stoichiometic composition of the samples at room temperature (300 K), where as composition of the samples determined from structural refinement at 873 K showed excess O atoms (alternatively deficiency of Co atoms at octahedral sites) per formula unit of the spinel structure. In case of two phased model, we have denoted the Co rich phase as phase 1 (A sites are fully occupied by Co ions and Fe content at octahedral sites is assigned less amount than the assigned value for single phase) and the Fe rich phase as phase 2 (where Co and Fe are allowed to occupy both A and B sites and the total Fe content is more than the assigned value for single phased model). This allows absorption of excess oxygen atoms at the B sites and forms defective spinel structure at higher temperatures. The Co values are slightly positive at temperatures below 400 K and showed a decreasing trend with negative values at higher temperatures in both the samples, except a noticeable fluctuation with positive values at the temperatures 573 K an 673 K during warming mode of the CF_20 sample. In the cooling mode, Co values are slightly smaller (and negative) than that in warming mode for CF_90 sample, whereas Co remained at slightly positive values at temperatures below 773 K for CF_20 sample. The excess O content in the samples increases at higher temperatures and the increase is remarkably higher in CF_20 sample.
The results suggest that nonequilibrium structure of CF_20 sample is highly sensitive to thermal cyclic effect and single phase is not a good model to fit its SXRD data. On the other hand, the refinement of SXRD patterns using twophased model is poor for CF_90 sample. Hence, profile fit (without assignment of site distribution of atoms) of the SXRD patterns was used to determine lattice parameter for CF_90 sample using two phased model. The temperature dependence of lattice parameters of the twophased structure is shown in the insets of Fig. 3 (a, e). It differed noticeably between Co rich phase (phase 1) and Fe rich phase (phase 2) for CF_20 sample. The minor difference for CF_90 sample confirms nearly equilibrium (single phase) lattice structure.
We determined SXRD peak profile parameters (intensity, position (2) and full width at half maximum (b)) were obtained by fitting selected peaks using Lorentzian shape. Intensity of the peaks at different temperatures, normalized by the peak intensity at 300 K in warming mode, are shown in Fig. 4 for CF_20 sample (left side) and CF_90 sample (right side). The intensity for crystalline planes of the spinel structure showed irreversible effect with higher intensity during warming mode and lower peak intensity during cooling mode of the measurements. Intensity of the peaks from (111), (311) and (400) planes at lower scattering angles decreases on increasing the temperature. Especially, intensity of the (111) peak approaches down to zero at 873 K for CF_20 sample. Intensity of this peak is high, although decreases at higher temperatures, for CF_90 sample. The decrease of (111) peak intensity is sensitive to increasing number of cation defects in spinel structure [25, 34] . Intensity of the crystalline planes (422, 333, 440) at higher scattering angles initially decreases in the temperature range 300 K473 K, followed by an unusual increase with a broad maximum around 673 K and then, decreases above 800 K for both the samples during warming mode. Intensity of these peaks showed an increasing trend on decreasing the temperature during cooling mode of CF_20 sample, where as the intensity of Oe. The MFW(T) curves gradually decreased at temperatures higher than the magnetic blocking temperature, which is visible above 300 K (the case of CF_50 sample at 375 K for field 100 Oe) or below 300 K by combining low temperature magnetization data (as the case of CF_20 sample at 270 K for field 100 Oe and as the case of CF_90 sample at 230 K for field 500 Oe and at 300 K for field 100 Oe). An unusual increment in the MFW(T) curves is observed above a typical temperature T 0 MFW that depends on annealing temperature of the samples (e.g., 684 K, 690 K and 700 K for the samples CF_20, CF_50 and CF_90, respectively [35] , Fe 2 O 3 (hematite) [36] and Cr doped Fe 2 O 3 [37] .
The M(H) curves ( Fig. 7 (ac) ) were recorded at selected temperatures by increasing the temperature from 300 K in the field range +70/50 kOe down to 5 kOe. The samples showed ferrimagnetic features with hysteresis loop and lack of magnetic saturation at higher fields. The M(H) data were also recorded at 300 K before subjecting to any high temperature measurements.
As shown in the insets of Fig. 7 (bc), the infield thermal recycling (300 K to 950 K and back to 300 K) modified magnetic properties and exhibited higher magnetic moment at 300 K than the magnetic moment at prethermal cycling condition. In order to understand the dilution in Fig. 8(a) ). In both the cases, M S value decreased on increasing measurement temperature and rate of the decrement became slow above 700 K. There was no unusual peak in M S (T) curves above 700 K as seen in the MFW(T) curves. The M S values are found to be higher for the samples with low temperature annealing (CF_20 and CF_50) at temperatures below 600 K. However, temperature dependent remanent magnetization (M R ) of the CF_20 sample indicted lower values than the CF_50 and CF_90 samples ( Fig. 8(b) ). Coercivity (H C ) increased with annealing temperature of the samples.
An increment of the coercivity (H C ) values ( Fig. 8(c) ) at higher temperatures may be associated with onset of an additional strain induced magnetic phase above 600 K, which of course depends on annealing temperature of the samples.
C. Current-voltage characteristics and Electrical conductivity
The IV characteristics at selected temperatures by cycling the measurement temperature during warming and subsequent cooling modes. After completing the measurement during first cycle (W1C1), the measurement was repeated during second cycle (W2C2) of the temperature variation. Fig. 9 (ab) shows IV characteristics of the CF_50 sample at selected temperatures during W1C1 and W2C2 cycles. IV characteristics are identical for both the cycles, although differences are noted during warming (low conductivity) and cooling (high conductivity) modes.
The CF_90 sample showed similar IV characteristics. V, +20 V and +40 V were calculated from the IV curves. Fig. 9 (df) shows the resistance of the samples at different temperatures. The R(T) curves showed high resistance state during warming mode and low resistance state during cooling mode. As shown in Fig. 9 (de) for CF_50 sample, 
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The activation energy in our samples are comparable to the values in spinel oxides [39, 43] . In addition to thermal activated charge conduction mechanism, we analyzed IV characteristics at different temperatures using power law (I = I 0 V n ) to understand space charge effect. The values of I 0 (constant current at bias voltage tends to zero) and exponent (n) were obtained from the intercept on current axis and slope, respectively using the loglog plot of IV curves. Examples are shown for the data at 300 K and 573 K ( Fig. 10 (ab) ). The linear fit in the loglog plot of IV curves shows reasonably good description of power law. The data at all the temperatures are fitted with two slopes. The slope (n1) at low voltage regime is found to be smaller in comparison to the slope (n2) at high voltage regime (above 10 V). The n2(T) curves showed slightly higher values (11.8) . This suggests interfacial space charge influence in the conduction mechanism at higher voltage regime [44] . The irreversibility effect is also seen in the n2(T) curves between warming and cooling modes. The n2(T) curve in CF_50 sample showed an increasing trend at the temperatures below and above 400 K during warming mode. It showed higher values during cooling mode and a local maximum around 450 K. In case of CF_90 sample, the n2(T) curve showed higher values during warming mode in contrast to the values during cooling mode. The n2(T) curve decreased with the increase of temperature during warming mode, where as it showed a local maximum around 500 K during cooling mode. Then, n2 values decreased down to a local minimum at about 373 K, below which n2 value increases.
DISCUSSION
Recently, defect (intrinsic/extrinsic) induced magnetism in nonmagnetic or AFM spinel oxides has emerged as an interesting field of research [24] . In the present spinel oxide, origin of the unit cell is located at the center of symmetry (¼ ¼ ¼ and also at the samples of low annealing temperature due to high concentration of defects. The magnetic enhancement at 300 K after infield thermal cyclic process arises due to magnetic 20 change in the core (interior)shell structure. Such heterogeneous spin structure introduces first order magnetic phase transition [28, 29] . In BeanRodbell theory [30], the molecular mean field theory was modified by taking into account a linear coupling between magnetization and cell volume to explain firstorder magnetic transition in disordered magnetic materials. According to BeanRodbell theory, distorted lattice structure introduces a strain induced energy that increases free energy. A compromise happens in the system to lower its free energy by distorting the lattice in a direction that increases magnetic exchange energy (Curie temperature). This is attributed to twophased lattice structure with higher lattice strain and magnetic moment and smaller electrical resistance at temperatures below 650 K for the CF_20 sample in contrast to a nearly single phased cubic spinel lattice structure (except appearance of CoO phase for a short temperature range) in association with smaller lattice strain and magnetic moment and higher electrical resistance for the CF_90 sample. The characteristic differences in CF_90 sample are realized from its T C MFC noticeably higher than T 0 MFW and coercivity in defect induced magnetic state is smaller than the samples at low temperature annealing. The chemical composition of the present spinel oxide (with a small replacement of Co by Fe) is close to the typical normal spinel oxide Co 3 O 4 , which is an AFM with T N in the range 3040 K [4647]. Hence, smaller magnetic moment (M S ) in CF_90 sample below 650 K represents its lattice and magnetic structure close to equilibrium state in comparison to highly nonequilibrium lattice and magnetic structure of the samples with low temperature annealing [31] .
The DFT calculations for CoFe 2 O 4 [26] showed that DOS contours for defective structure are similar to that of defectfree spinel oxides, except extra levels are seen near the VB or CB 
CONCLUSIONS
We studied the lattice structure and magnetic properties of the Co 2.75 Fe 0.25 O 4+ (: 00.68) spinel oxide. The structure becomes nonstoichiometric during high temperature measurement of magnetic and electrical properties and regains stoichiometric value on reversing back to room temperature. The nonequilibrium lattice structure at higher measurement temperatures showed preferential orientations along (511) )  0  1   2  3  3  4  3  3  5  3  3  6  3  3  7  3  3  8  3  3  9  3 3 1   2  3  3  4  3  3  5  3  3  6  3  3  7  3  3  8  3  3  9  3 3 )  0  1   2  3  3  4  3  3  5  3  3  6  3  3  7  3  3  8  3  3  9  3  3  @ A @ 
